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ABSTRACT
The genus Mycobacterium comprises structurally a 
complex of highly adaptive bacteria of major clinical 
importance. While tuberculosis remains a leading 
cause of mortality from infectious diseases world-
wide, nontuberculous mycobacteria (NTM) are gain-
ing increasing clinical relevance, particularly among 
immunocompromised patients. The unique structure 
of mycobacterial cell wall and the slow growth of 
these organisms necessitate the use of specialized 
microscopic approaches for their investigation and 
diagnosis.
Despite the advances in molecular diagnostics, mi-
croscopy remains a rapid and cost-effective key di-
agnostic tool, however limited by subjectivity and 
reduced sensitivity at low bacterial loads. The recent 
integration of artificial intelligence has significantly 
enhanced light and fluorescence microscopy by en-
abling an automated and standardized detection of 
the acid-fast bacilli.
The advanced high-resolution techniques, including 
electron and cryo-electron microscopy, provide de-
tailed insights into mycobacterial ultrastructure and 
intracellular behaviour, contributing to a deeper un-

derstanding of their pathogenicity and drug resist-
ance. This review summarizes the classical and the 
modern microscopic approaches and highlights their 
complementary roles in diagnosistic and fundamen-
tal studies of mycobacteria.
Keywords: Nontuberculous Mycobacteria, microsco-
py, diagnostics

INTRODUCTION
The genus Mycobacteria includes structurally com-
plex and biologically adaptive bacteria. They have a 
unique evolutionary strategy for survival in diverse 
ecological niches as well as within the human host [1-
3]. The Mycobacterium tuberculosis complex (MTBC) 
remains a leading cause of mortality from infectious 
diseases worldwide, while nontuberculous mycobac-
teria (NTM) are increasingly recognized as important 
opportunistic pathogens, particularly in immuno-
compromised patients [4–6]. 
The unique structure of the mycobacterial cell wall, 
composed of peptidoglycan, arabinogalactan, and a 
dense layer of mycolic acids, underlies acid-fastness 
and limited permeability to dyes and drugs [1,2,7–9]. 
These characteristics necessitate the use of specif-
ic microscopic approaches for investigation. An ad-
ditional challenge is the slow growth rate and pro-
longed generation time of mycobacteria [10–12].
Smear microscopy (SM) remains a key component of 
the diagnostic algorithm for tuberculosis and NTM in-
fections, although it is typically used alongside other 
laboratory methods [6]. 
Despite the advances in molecular diagnostics, mi-
croscopy continues to play a major role in the early 
diagnosis of mycobacterial infections. Ziehl–Neelsen 
staining and its variants remain the standard tech-
nique for detecting acid-fast bacilli (AFB) using light 
or fluorescence microscopy [5]. Despite its high spec-
ificity (>98%), the method is semiquantitative and 
has limited sensitivity in paucibacillary samples [5]. 
Recent developments in artificial intelligence (AI) 
have introduced novel opportunities for automated 
analysis of microscopic images. AI-based algorithms 
enable standardized and high-throughput detection 
of AFB, improving the sensitivity, reproducibility, and 
workflow efficiency. Such technologies are particu-
larly promising in resource-limited regions with a 
high tuberculosis burden. For more in-depth studies, 
of mycobacterial morphology, cellular organization, 
and cell dynamics, high resolution microscopic tech-
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niques such as confocal laser scanning microscopy 
and electron microscopy are used [10,12].
Transmission electron microscopy enables a  de-
tailed visualization of mycobacterial ultrastructure, 
including the multilayered cell envelope. It provides 
evidence for the intracellular interactions between 
mycobacteria and host macrophages, allowing as-
sessment of phagosomal membranes and defects in 
phagosome maturation [13].
Recent advances in cryo-electron microscopy have 
further expanded these capabilities by enabling the 
structural analysis of mycobacterial components in 
a near-native state without extensive chemical fixa-
tion. This approach facilitates high-resolution inves-
tigation of molecular complexes involved in cell wall 
organization, metabolic pathways, and mechanisms 
of drug resistance [13]. 

Traditional Diagnostic Methods:
Light and fluorescence microscopy: classical ap-
proaches and their role in mycobacterial diagnostics
Light microscopy remains a cornerstone in the di-
agnosis and investigation of mycobacteria [5,14]. It 
allows the detection of AFB using the classical Zie-
hl-Neelsen staining method or its variants, such 
as the cold Kinyoun method. These techniques are 
based on the irreversible binding of carbol fuchsin to 
mycobacterial mycolic acids, which confers acid-fast-
ness [6]. Historically, using specialized staining tech-
niques Robert Koch identified M. tuberculosis and 
laid the foundation for modern mycobacterial diag-
nostics. The Ziehl-Neelsen staining, subsequently re-
fined through the cumulative discoveries of Paul Ehr-
lich, Franz Ziehl, and Friedrich Neelsen, has become 
the most widely accepted standard for detection of 
AFB [5,14]. The main advantages of light microscopy 
include rapid turnaround time, low cost, and ease of 
application even in resource-limited settings, while 
providing direct visual evidence of AFB in clinical 
specimens. It uses heat to facilitate the penetration 
of the primary stain into the lipid-rich, waxy cell wall 
of mycobacteria, therefore designated as a „hot 
staining” method [1,2,7]. Although this barrier limits 
dye penetration, once the carbol fuchsine enters the 
cell it is retained during acid–alcohol decolorization, 
allowing the clear visualization of mycobacteria as 
red rods against a contrasting background. Beyond 
detection, Ziehl–Neelsen staining provides valuable 
morphological information, including the characteris-

tic cord formation by virulent M. tuberculosis strains, 
which is associated with pathogenicity [3,4]. In addi-
tion, microscopic examination allows the assessment 
of cellular integrity and approximate bacterial bur-
den, contributing to treatment monitoring [5].
Despite its established role,  light microscopy has 
important limitations. Its sensitivity is relatively low, 
requiring bacterial concentrations of at least 104 - 
105 cells/ml for reliable detection [14]. As a result, 
early-stage and extrapulmonary tuberculosis may 
be missed. Furthermore, the method cannot dis-
tinguish between members of the M. tuberculosis 
complex and NTM, viable and nonviable organisms, 
or drug-susceptible and drug-resistant strains, neces-
sitating complementary culture-based or molecular 
approaches [12].
Fluorescence microscopy constitutes an important 
extension of conventional light microscopy in myco-
bacterial diagnostics and research. The method relies 
on fluorochrome stains, including Auramine O and 
Auramine–Rhodamine, which bind to mycolic acid–
rich components of the mycobacterial cell wall and 
emit bright yellow–green fluorescence when excited 
by UV or LED light [15,16]. This substantially enhanc-
es contrast and enables the rapid screening of large 
smear areas, resulting in a   significantly higher sensi-
tivity as compared to Ziehl–Neelsen staining [15,16].
In addition to improved detection, fluorescence 
microscopy provides valuable morphological infor-
mation, allowing the visualization of subtle cellular 
alterations, granular forms, and aggregated struc-
tures that are not readily detected by standard light 
microscopy [9]. Such features are particularly rele-
vant for nontuberculous mycobacteria, which exhibit 
greater morphological heterogeneity [4]. However, 
similar to acid-fast staining, this method does not 
permit species-level identification.
Recent advances in LED-based fluorescence micros-
copy have improved safety, reduced operational 
costs, and expanded applicability, particularly in lab-
oratories with limited infrastructure [16]. A compari-
son of techniques for microscopy detection of genus 
Mycobacterium is presented in Table 1.

Ultrastructural look at the mycobacterial cell
Electron microscopy
Electron microscopy (EM) provides a resolution far 
beyond light-based methods, revealing structural 
features essential for the understanding of mycobac-
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terial pathogenicity, physiology, and drug resistance 
[10,17]. Transmission EM (TEM) allows a detailed vis-
ualization of mycobacterial cell wall, [1,2,7,8]. TEM 
distinguishes the individual layers and demonstrates 
the thick, compact envelope that underlies acid-fast-
ness. TEM has also elucidated polar growth in my-
cobacteria, showing that cell wall elongation occurs 
predominantly at one or both poles, with „new” 
poles exhibiting thinner, less organized layers. This 
structural heterogeneity contributes to differential 
antibiotic susceptibility and bacterial population var-
iability, relevant for persistence and tolerance [10].
Beyond the cell wall, TEM reveals cytoplasmic inclu-
sions, primarily lipid droplets, which serve as energy 
reserves and markers of persistent states. Antibiotic 
or nutrient stress increases the number and size of 
these inclusions, resulting in characteristic “foamy” 
morphologies associated with drug tolerance [13]. 
TEM is invaluable for studying drug effects on the 
cell wall; β-lactams induce peptidoglycan defects, 
while isoniazid disrupts mycolic acid layers, leading 
to vesicle formation and partial detachment of the 
lipid envelope [20]. Scanning EM (SEM) complements 

TEM by providing high-resolution three-dimensional 
surface imaging, showing topography, roughness, 
mucoid forms, and extracellular matrix, particularly 
in nontuberculous mycobacteria and biofilms - struc-
tures critical for antibiotic resistance and chronic in-
fection [4,17].
The recent advances in cryo-electron microsco-
py (cryo-EM) enable the visualization of cells in a 
near-native state without chemical fixation, pre-
serving ultrastructural integrity and allowing a mo-
lecular-level study of transport proteins, cell wall 
enzymes, and secretion systems such as ESX-1 [17]. 
Cryo-EM is particularly powerful for investigating re-
sistance mechanisms, comparing structures of target 
proteins in sensitive and resistant strains (e.g., InhA, 
KatG, MmpL3, DprE1), and guiding novel drugs’ de-
velopment. Together, TEM, SEM, and cryo-EM pro-
vide a comprehensive understanding of mycobac-
terial architecture, complementing light microscopy 
and molecular methods by revealing the ultrastruc-
tural foundation of their biology and pathogenesis 
[1–3,17].
Modern optical approaches overcome the limitations 

Table 1. Comparison of techniques for microscopy detection of genus Mycobacterium.

Method Principle Stain Sensitivity* Advantages Limitations Main applica-
tion

Selected 
references

ZN micros-
copy

Acid-fast 
staining with 

heat
Carbol fuch-

sin
Moderate (10⁴–
10⁵ bacilli/ml)

Low cost, 
easy, fast, 

standardized

Low sensitivity 
in paucibacillary 
samples; creating 
phenol aerosols 

Routine diag-
nosis 

5, 14, 18, 
19

Kinyoun mi-
croscopy

Acid-fast 
staining with-

out heat

Carbol fuch-
sin (high con-

centration)

Moderate
(10⁴–10⁵ bacil-

li/ml)
Simple and 

safer than ZN
Slightly reduced 

sensitivity vs. ZN
Routine diag-

nosis 14, 19, 24

Auramine–
rhodamine 
microscopy

Fluoro-
chrome bind-
ing to mycol-

ic acids

Auramine O / 
Rhodamine

High
(10³ bacilli/ml)
10% more sen-
sitive that ZN 

Increased 
sensitivity; 

rapid screen-
ing

Requires fluores-
cence microscope, 
potential toxicity 

of reagents

High volume 
laboratories 14, 16, 19

LED fluores-
cence micros-

copy

Fluorescence 
with LED 

illumination
Auramine O

High (with 
5% more than 

Auramine–
rhodamine 

microscopy)

Energy-effi-
cient; durable Higher initial cost High volume 

laboratories 14, 16

AI-assisted 
microscopy

Automated 
image anal-

ysis
ZN / Fluoro-

chrome High
Speed, accu-
racy, is high 
efficiency

Requires validated 
algorithms; techni-

cal support
Screening 15,16, 

23,24

Cryo-EM Rapid freez-
ing 

Does not use 
conventional, 
heavy-metal 

stains
Very high

High reso-
lution; 3D 
imaging

Expensive, re-
searcher team

Advanced 
research 17

Electron 
microscopy 

(TEM/ SEM)

Electron 
beam imag-

ing
Heavy metals Very high Ultrastructur-

al detail
High cost, re-
searcher team

Advanced re-
search; struc-
tural studies

1, 2, 3, 10, 
17, 20

Abbreviations: ZN - Ziehl–Neelsen; LED - light-emitting diode; AI - artificial intelligence; TEM - transmission electron mi‑
croscopy; SEM - scanning electron microscopy.
*Sensitivity is reported qualitatively and may vary depending on specimen quality, bacterial load, and operator expertise
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of classical structural microscopy by bridging mor-
phological observations with functional cell biology. 
Confocal laser scanning microscopy, atomic force 
microscopy, and live-cell microscopy enable three-di-
mensional and dynamic investigation of mycobacte-
rial cells, as well as the analysis of their biophysical 
properties [21,22]. These techniques provide critical 
insights into the organization of biofilms, cellular het-
erogeneity within populations, interactions with the 
immune system, and real-time adaptive responses to 
stress and antimicrobial agents [21,22].
In the last decade AI-based algorithms are widely ap-
plied in light, fluorescence, electron, cryo-electron, 
and atomic force microscopy, enabling the automat-
ed detection of acid-fast bacteria, analysis of the ul-
trastructure and the live-cell dynamics, and quantita-
tive morphometric assessments. 
The application of deep learning and artificial neural 
networks in microscopy is substantially transforming 
the analysis of biological images by shifting the fo-
cus from manual to automated and quantitative ap-
proaches. These technologies enable efficient image 
processing and enhancement, including noise reduc-
tion and high-resolution reconstruction (super-res-
olution), while preserving key structural features. 
Significant progress has also been achieved in image 
segmentation, where algorithms automatically rec-
ognize and distinguish cells, organelles, and micro-
organisms, as well as in real-time tracking of cellular 
behaviour [15,16,23,24].
In this context, the application of AI in TB microsco-
py is focused on the automated detection of AFB in 
sputum smears. This process is traditionally charac-
terized by a high labour intensity and subjectivity. 
Contemporary approaches based on computer vi-
sion and deep learning demonstrate high diagnos-
tic performance, particularly in resource-limited 
settings. Various technological solutions have been 
developed, including automated microscopy systems 
and mobile platforms integrating smartphones with 
conventional microscopes for real-time analysis. Ob-
ject detection architectures (e.g., YOLOv7/YOLOv8) 
and convolutional neural networks (CNNs), such as 
ResNet and EfficientNet, are widely used for detec-
tion and classification [23,24].
The integration of AI into diagnostic workflows results 
in high accuracy (up to ~96–97%), improved detec-
tion of positive samples, and a substantial reduction 
in laboratory workload through automated screen-

ing, while also enhancing result standardization. Pi-
lot studies conducted in diverse settings—including 
high-burden regions in sub-Saharan Africa and Asia, 
as well as well-equipped laboratories in Europe and 
North America report a sensitivity of approximately 
92% and specificity of ~98% [26].
Despite these advances, important limitations re-
main, including the need for high-quality annotated 
datasets, robust quality assurance systems, algorith-
mic transparency, and interoperability with labora-
tory information systems, as well as dependence on 
sample quality and limited clinical validation of some 
solutions [13,21,22,25].
Notably, while the WHO has endorsed AI-based com-
puter-aided detection for chest radiography (2021), 
no equivalent recommendation currently exists for 
AI-assisted smear microscopy [27]. Therefore, AI 
should be regarded as a complementary tool to es-
tablished diagnostic methods, including Xpert MTB/
RIF, rather than a replacement for expert microbio-
logical interpretation.

CONCLUSION
Light microscopy continues to play a key role in tuber-
culosis diagnosis due to its accessibility, rapid turna-
round time, and applicability in resource-limited set-
tings, while fluorescence microscopy improves the 
sensitivity of detection. Electron microscopy provides 
unique high-resolution visualization of mycobacterial 
ultrastructure, particularly the complex architecture 
of the cell wall and intracellular localization.
However, each technique has inherent limitations. 
Conventional microscopy shows limited sensitivity in 
paucibacillary samples, and electron microscopy re-
mains technically demanding and unsuitable for rou-
tine diagnostic use.
Future efforts are focused on integrating advanced 
imaging techniques with artificial intelligence–based 
tools to improve detection accuracy, standardization, 
and quantitative analysis in mycobacterial research. 
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